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The NA62 experiment at CERN collected a large sample of @thkgion decays with a highly
efficient trigger for decays into electrons in 2007. The kheam represents a source of tagged
neutral pion decays in vacuum. A measurement of the eleeigoetic transition form factor
slope of the neutral pion in the time-like region fron0% x 10° fully reconstructed® Dalitz
decay is presented. The limits on dark photon productiondmiecays from the earlier kaon
experiment at CERN, NA48/2, are also reported.
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I ntroduction

The NA48/2 experiment at the CERN SPS collected a large saaigharged kaon decays in
2003-04 (corresponding to abouk20' K* decays in the vacuum decay volume). The experi-
ment used simultaneols™ andK ~ beams and was optimized for the search for direct CP vigjatin
charge asymmetries in the" — 37~ decays [1]. Its successor, the NABR-experiment, collected
a 10 times smallek = decay sample with low intensity beams and minimum bias ériggnditions
in 2007 using the same detector [2, 3]. The large data saraptesnulated by the two experiments
have allowed precision studies of raté decays and searches for new physics. Khebeams
represent a copious source of tagged neutral pions prodarmédecaying in vacuum. This paper
is focused on neutral pion physics at NA48/2 and NA&Z-a measurement of the slope of the
electromagnetic transition form factor from a sample®f— ete~y decays and a search for the
dark photon &) in the ° — yA’ decay are reported.

1. Beam and detector

The NA48/2 and NA6ZRk experiments used simultaneokis andK~ beams produced by
400 GeVE primary CERN SPS protons impinging on a beryllium target.a@kd particles in
a narrow momentum band were selected by an achromatic systéwar dipole magnets which
split the two beams in the vertical plane and recombined tbhama common axis. The beams
then passed through collimators and a series of quadrupatmets, and entered a 114 m long
cylindrical vacuum tank with a diameter of 1.92 to 2.4 m caomitay the fiducial decay region.

The vacuum tank was followed by a magnetic spectrometereubirs a vessel filled with
helium at nearly atmospheric pressure, separated fromateum by a thin (3% Xg) Kevlar®
window. An aluminium beam pipe of 158 mm outer diameter trsing the centre of the spec-
trometer (and all the following detectors) allowed the waleed beam particles to continue their
path in vacuum. The spectrometer consisted of four driftribers (DCH) with an octagonal trans-
verse width of 2.9 m: DCH1, DCH2 located upstream and DCH3HB@ownstream of a dipole
magnet that provided a horizontal transverse momentumdid0 MeVk for charged particles
(for NA48/2). Each DCH was composed of eight planes of serisesw The DCH space point
resolution was 9Qum in both horizontal and vertical directions, and the momentesolution was
op/p = (1.026 0.044- p)%, with p expressed in Ge¢/(for NA48/2). The spectrometer was fol-
lowed by a plastic scintillator hodoscope (HOD) with a traerse size of about 2.4 m, consisting of
a plane of vertical and a plane of horizontal strip-shapedt®s arranged in four quadrants (each
logically divided into four regions). The HOD provided timeeasurements of charged particles
with 150 ps resolution. It was followed by a liquid kryptoreelromagnetic calorimeter (LKr), an
almost homogeneous ionization chamber with an active velofiv n? of liquid krypton, 27X
deep, segmented transversally into 13248 projecti&x 2 cn? cells. The LKr energy resolu-
tion wasog /E = (3.2/VE @ 9/E ¢ 0.42)%, the spatial resolution for an isolated electromagnetic
shower wag4.2/+/E & 0.6) mm in both horizontal and vertical directions, and the tisotution
was 25 ns/+/E, with E expressed in GeV. The calorimeter was followed by a muoresyston-
sisting of three scintillator planes, with an iron wall ia4¢d in front of each plane. A detailed
description of the beamline, detector and trigger is giveRéfs. [1, 3, 4].
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2. m° transition form factor slope measurement

As ar is produced in four of the six maid* decays, the NA6Rx experiment exposed to
about 2x 10'% kaon decays in flight in the vacuum fiducial decay region withimum bias trigger
conditions is an ideal environment to study the neutral piloysics. The Dalitz deca;yg — yete”
proceeds through thePyy vertex with an off-shell photon. The commonly used kinemadiriables
defined in terms of the particle four-momenta are:

e <%>2: (Per + Pe)? _ 2pp (Pe — Pe-)
Mpo n12no ' mzno(l—X) ’

wherep,o, pet, Pe are respectively the® ande® four-momentam,o is the mass of thet®, and
Me is theete™ invariant mass. The physical region is given by

2 2
r2:<zl1e> <x<1, |y|§\/1—r—.
Mo X

The 11§ differential decay width normalised to thngy — yy decay width is

2 3 2
r(%’p T = o 5 (14 ) st 17

where.Z (x) is the semi-off-shell electromagnetic transition formtéaqTFF) of ther® and the
o(x,y) term encodes the radiative corrections.

The TFF is usually expanded a&(x) = 1+ ax, wherea is the form factor slope param-
eter. This approximation is justified by the smallness of th@rameter. In the vector meson
dominance (VMD) model, it is dominated by tigeand w mesons, resulting in a slope afx~
M2, (m;2+ mg,z) /2~ 0.03.

A crucial aspect of measuring tm€ TFF with ther decays is the modelling of the radiative
corrections in the differential rate: their effect on th#atiential decay rate exceeds that of the TFF
slope. The first study of the corrections on the differentzé was performed in Ref. [5] in the
soft-photon approximation, and extended in Ref. [6]. A réémproved computation [7] triggered
by and used for this analysis includes additional secodéfocontributions and accounts for the
emission of radiative photons, i.e. the internal bremb&irgg contribution.

A sample of 105x 10° K= — =18 decays with negligible background has been selected in
the NA62Rk data using a spectrometer three-track vertex selectiomesmwhstructing the photon
in the LKr calorimeter. Ax? fit to the reconstructed distribution of the datad candidates
with equipopulous binning has been performed to extracitie slope value (Fig. 1). The main
systematic uncertainties arise from the simulation of thanb spectrum and from the calibration
of the spectrometer global momentum scale. The prelimiresylt is

a= (3.704 0.535+ 0.365y5) x 1072,

with x2/ndf = 52.5/49 corresponding to pvalue of 0.34. This measurement represents an obser-
vation of a positiver® electromagnetic TFF slope (with more tham Significance) in the time-like
region of momentum transfer.
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Figure 1. Left: reconstructedring mass spectrum of the data and simulated samples. The rediffea
ence is mainly due to the non-inclusion of tké — ngeiv component of the signal into the simulation.
Right: lllustration ofr® the TFF fit result showing the data/MC ratio, with the MC sampeighted to obtain
a= 0. The events are divided into 20 equipopulous bins, and dx&ens are located at the bin barycentres
of each bin. The solid line represents the TFF function witfiope value equal to the fit central value. The
dashed lines indicate thevlband.

3. Search for the dark photon in the ° — yA’ decay

A search for a hypothetical dark photon (DP, denoddusing a large sample of tagged
mesons from reconstructdd™ — = ° andK* — mPu*v decays is reported below; the details
are available for Ref. [8].

In a rather general set of hidden sector models with an &ktta gauge symmetry [9], the in-
teraction of the DP with the visible sector proceeds thrddghtic mixing with the Standard Model
(SM) hypercharge. Such scenarios with GeV-scale dark mattevide possible explanations to
the observed rise in the cosmic-ray positron fraction witergy and the muon gyromagnetic ratio
(g— 2) measurement [10]. The DP is characterized by two a priornank parameters, the mass
my and the mixing parameter. Its possible production in the? decay and its subsequent decay
proceed via the chaim® — yA, A — ete~. The expected branching fraction of the abave
decay is [11]

rrﬁl

Mo

3
B(0 — yN) = 2¢2 (1— ) B(° = yy),

which is kinematically suppressed ag, approachesn,. In the DP mass rangam® < my <
m,o accessible in pion decays, the only allowed tree-level yleta SM fermions isA’ — ete™.
Therefore, for a DP decaying only into SM particle8(A’ — ete™) ~ 1, and the expected total
decay width is [11]

1 4m2 2m2
Ty ~T(A —>ete )= Zae?my, [1— 1 .
A ( ) 3 A m%( < + m%\,)



Neutral pion form factor measurement at NAG2 Evgueni Goudzovski

It follows that, for 2n. < my < Mo, the DP mean proper lifetimey satisfies the relation

1076 100 MeV/c?
CTA/:ﬁC/rA/%0.8I.1mX< 2))(( e/c>.
& My

The analysis is performed assuming that the DP decays attldleigiion point (prompt decay),
which is valid for sufficiently large values ofiy and £2. In this case, the DP production and
decay signature is identical to that of the Dalitz dea@y—> e" ey, which therefore represents an
irreducible but well controlled background and determitinessensitivity.

The full NA48/2 data set is analyzed, and two source$18)ﬁecays are considere#t* —
e andK* — nPe*v decays followed by the prompt® — yA', A — ete™ decay chain. The
two event selections are identical up to the momentum, imramass and particle identification
conditions. The total number of reconstrucmgicandidates is. B9 x 107, with a negligible back-
ground contamination. A scan for a DP signal in the mass rargdeV/c? < my < 120 MeV/c?
has been performed. The lower boundary of the mass rangéeisrdeed by the limited accuracy
of the ii§ background simulation at lo@"e~ mass. At high DP mass approaching the upper limit
of the mass range, the sensitivity to the mixing parametds not competitive with the existing
limits due to the kinematic suppression of the — yA’ decay. The numbers of observed events
and expected background events in the sigri@ mass window for each DP mass hypothesis
considered, as well as the obtained upper limits on the ntsniifeDP candidates in each mass
hypothesis considered are presented in Fig. 2. It can betbatthe sensitivity is limited by the
irreducible background fromB decays.

The obtained upper limits at 90% CL o#(r° — yA') are of the order of 1 for the whole
range ofA’ masses considered. The computed limits on the the mixiranpeters? for each DP
mass value are shown in Fig. 2, together with the constrdiota the SLAC E141 and FNAL
E774, KLOE, WASA, HADES, Al, APEX and BaBar experiments. &&hown is the band in the
(my, €2) plane where the discrepancy between the measured andatettmuon(g — 2) values
falls into the+20 range due to the DP contribution, as well as the region erduny the electron
(g—2) measurement. The obtained limits are more stringent thaprévious ones in the mass
range 9—-70 Me\W?, reaching 2< 10~/. In combination with other experimental searches, this
result rules out the DP as an explanation for the m{goa 2) measurement under the assumption
that the DP couples to quarks and decays predominantly toegidns.

Conclusions

Kaon decay in flight experiments are exposed to large nundiéagiged neutral pion decays,
which makes them an appropriate environmentrfddecay studies. A new precise measurement
of the r° transition form factor slope has been performed by anafytiie NA62R« data set: a
positive form factor slope is observed. Improved limits ankdphoton production in tha® — yA’
decay have been obtained from the analysis of the NA48/2 data
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Figure 2: Left: Numbers of observed data eventiys) and expectedlg background eventd\ey,) passing
the joint DP selection (indistinguishable in a logarithreéale), estimated uncertainti@Syns = \/pr and
ONexp, and obtained upper limits at 90% CL on the numbers of DP ckates Npp) for each DP mass
valuemy . The contribution t@Nex, from the MC statistical uncertainty is shown separatélbdg‘g). The
remaining and dominant component is due to the statistital®on the trigger efficiencies measured in
the DP signal region. Right: Obtained upper limits at 90% @Ltlte mixing parametes? versus the DP
massmy, compared to other published exclusion limits from mesaragiebeam dump anet"e~ collider
experiments. Also shown is the band where the inconsistehtiyeoretical and experimental values of
muon (g — 2) reduces to less than 2 standard deviations, as well as tienregcluded by the electron
(g—2) measurement. Further details can be found in Ref. [8].
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